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The use of bio-based lubricants is not new and indeed some of the oldest lubricants used in industry were bio-esters sourced from plants. 2 However, with the advent of the petroleum age, lubricant formulations came to depend on the superior properties of mineral base-oils obtained as a cut from some refineries. 3 Today even superior properties are achieved with poly-α-olefins (PAOs) base-stocks produced by the cationic oligomerization/hydrogenation of ethylene-derived linear α-olefins (usually C 10 , Scheme 1). 4 The PAO process is, however, environmentally unfriendly since it utilizes corrosive catalysts such as BF 3 , HF, or AlCl 3 . Moreover, the product distribution cannot be tightly controlled and it is quite common to get mixtures of dimers, trimers, and tetramers of 1-decene in the product mixture. Research efforts in homogeneous 5 and heterogeneous 6 catalysis have tried to overcome the selectivity and corrosivity issues; however, the discovery of an environment-friendly, efficient heterogeneous catalyst with high selectivity has proved elusive. As alternative to PAOs, we report here an entirely new class of lubricant base-oils exhibiting properties comparable to those of mineral oils and PAOs. The method of producing these base-oils features two-step approach involving a highly selective self-condensation of methyl ketones (MKs) and subsequent hydrodeoxygenation (Scheme 1). Several pathways are amenable for sourcing MKs (C 8 -C 15 ) needed for this process from renewable feedstocks. For e.g., biomass-derived terminal alkenes serve as potential precursors which undergo alkylation 7 with acetone or Wacker oxidation 8 to produce requisite MKs. These alkenes can be sourced from the corresponding primary alcohols obtained from hydrogenation of triglycerides 9 or Guerbet reaction 10 of fermented alcohols. Alternatively, direct coupling of alcohols with acetone is also known to give MKs in moderate yields.
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In addition, biological routes have been developed to produce mid-/long-chain MKs directly from sugars. 12 Other lesscommon approaches are listed in ESI. † In this report, we summarize our efforts to produce various lubricant base-oils starting from MKs, understand the structure-property relationship, and compare the properties of this new class of lubricants base-oils to those obtained via the PAO route. Our procedure for the synthesis of lubricants builds on the self-condensation of n-alkyl methyl ketones (1) catalyzed by solid acids and bases (Table 1) . 13 The condensates produced are exclusively cyclic trimers the structures of which vary greatly with the nature of the catalyst. Cyclic alkane (C 3n ) closure of intermediates III-VI occurs either through cyclization or cyclodehydration to give products 2′, 2″ and 3′, 3″. Formation of the kinetic enolate/enol intermediates (A and C) is highly favored due to steric/electronic factors and therefore the reaction proceeds predominantly via these intermediates rather than through the thermodynamic intermediates B and D.
Since synthetic PAOs used for lubricant formulations are primarily composed of C 30 and C 40 alkanes, we targeted the production of cyclic trimers containing 24-45 carbon atoms via condensation of biomass-derived C 8 -C 15 methyl ketones. The reaction conditions were optimized to enable the complete conversion of starting materials to trimers 2 and 3 ( Table 1 , conditions A). This condensation reaction is reversible and the retro-condensation is facilitated by water formed as a by-product of the reaction. To minimize this effect, we employed a Dean-Stark apparatus to continuously remove water from the reaction mixture. Using such an approach and MgAlO as the catalyst we were able to produce trimers (2) in near-quantitative yields (>98%) for n-alkyl (1b-g, Table 1 , entries 3 and 4), branched alkyl (1i, entry 5), arylalkyl (1h, entry 6), and heteroarylalkyl (1j-l, entries 7 and 8) methyl ketones as reactants. The time required for the completion of the reaction was directly proportional to the complexity of the alkyl substitution in 1 (entries 3-8). For example, the most complex ketone, 1l, required refluxing xylenes for completion (entry 8). As expected, the choice of catalyst also influenced the conditions required for the near-complete conversion of the reactants. For example, Ta 2 O 5 /SBA-15-catalyzed reactions required higher temperatures and longer times compared to MgAlO-catalyzed reactions for a given methyl ketone (entries 3 vs. 9). At this point, we thought about industrially relevant reactive distillation method as an alternative to Dean-Stark set-up to remove water by-product. Such a method would also eliminate the need for solvents during the reaction. In order to examine the efficiency of self-condensation in solvent-free conditions, 2-nonanone was heated with MgAlO 190°C) . Usually, process optimization for industrial production would consider temperature and duration as important parameters. Here we show that increasing the process temperature allows us to reduce the residence time from 6 h ( Table 1) to 90 minutes (Table S1 †) while achieving high conversion (>90%) without any loss in selectivity.
Hydrogenation of the ketones 2 and alkyl benzenes 3 to the corresponding cyclic alkanes 4 and 5, is an essential step for obtaining hydrocarbon base-oils (Table 1, conditions B) . Conversion of 2 to 4 can be accomplished in >98% yield using Pt/ NbOPO 4 , a bifunctional catalyst that operates under mild conditions. 16 Platinum catalyzes the reduction of the double bond functionalities of 2, whereas the acidic support (NbOPO 4 ) facilitates the elimination of oxygen atoms. It is noted that condensates 2 and 3 possessing longer alkyl substituents required higher temperatures and longer reaction times for the complete reduction of the innermost double bonds (entries 3 vs. 4). The hydrodeoxygenations of furan-containing condensates 2j-l were also carried out at relatively high temperature (>200°C). To avoid C-C bond scissions at high temperatures, Pd/C mediated saturation of the furan rings was conducted prior to hydrodeoxygenation (>95% yield for two steps, entries 7 and 8). Saturation of aromatic rings in 2h, 3a-b was accomplished by hydrogenation over Rh/C using condition B (Table 1 , entries 2, 5, and 9, >98% yield). For aromatic compounds, the final hydrogenation step is not absolutely essential for producing lubricant base-oils. Alkyl benzenes are often added to lubricant formulations 3 as they have acceptable properties as seen from Table 2 , entry 12.
As seen from their structures, hydrocarbons 3-5 contain the appropriate number of carbons (C 24 -C 45 ), but differ significantly in structure from known lubricant base-oils. While the synthetic PAOs are mainly branched alkanes, the compounds that we synthesized are exclusively aromatics (3) or cyclo- hexanes (4 and 5). The lubricant properties of these compounds -the viscosity index (VI), pour point (PP), oxidation stability (DSC oxidation), and volatility (TGA Noack) -were evaluated according to ASTM standards (Table 2) . We also explored the structure-property relationship by studying a number of different analogues with varying functionality around the cyclohexane core. A steady increase in the VI of 4b through 4g (Table 2 , entries 1-6 and Fig. 1) indicates that the viscosity change with temperature decreases as the length of the linear alkyl substitution increases. Higher analogues of this series of compounds (C 33+ , 4e-g) possessed an excellent VI compared to that of petroleum-derived C 30 PAO (entry 14). In general, the measured kinematic viscosities of cyclic alkanes at reference temperatures (40°C and 100°C) are higher than those of the corresponding acyclic, branched alkanes (entries 3 vs. 14). The viscous nature of the cyclic compounds is highly evident when the alkyl side chain of 4 contains additional cyclohexane functionalities (4h, entry 7) . However, the presence of the cyclohexane core improved the pour points of most analogues to <−60°C. We also found that longer alkyl chain substitution in 4g resulted in a poor pour point due to alkyl chain stacking, similar to that found in waxes. While the oxidation stabilities of the cyclic lubricants are comparable to each other and to that of commercial C 30 PAO, the volatilities are inversely proportional to the molecular weights within the subset of 4b-g ( Table 2 , entries 1-6 and Fig. 1 ). 4g turned out to be the least volatile lubricant and exhibited a high VI; however, the pour point for this compound was also quite high. Of all the compounds analyzed, 4e and 4f contained the best overall lubricant properties consistent with those currently used in the transportation sector.
The branched alkyl substituted cyclohexane 4i exhibited higher viscosities but a lower VI than that of the corresponding linear alkyl substituted isomer 4e (entries 4 vs. 8). This is a consequence of the high dependence of viscosity on temperature attributable to excessive branching of the molecular structure. Notably, the volatility of 4i is exceptionally high (∼10 fold) compared to that of 4e due to decreased intermolecular interactions caused by increased branching. The properties of the structurally similar lubricants 4b, 4c and 4j, 4k derived from alkyl and furanic precursors, respectively, were comparable (entries 1, 2 and 9, 10). Due to the high viscosities associated with 2-methylfuran-derived lubricant, 4l may be better suited for industrial applications such as in wind turbines and compressors, rather than for automotive use. Aromatic C 30 -lubricant 3b and the corresponding cyclohexane analogue 5b have good viscosity indices, pour points and oxidation stabilities, but poor volatilities compared to those of commercial C 30 PAO (entries [12] [13] [14] . A comparison of volatilities of various C 30 base-oils (entries 3, 7, and [12] [13] [14] suggests that this property does not depend on the molecular weight alone but involves other functionalities present in the molecular structure.
In conclusion, we have developed a strategy for the highly selective trimerization of methyl ketones to produce bio-lubricants. The alkyl and furan-containing ketones required for this process can be conveniently obtained from biomass and the metal oxide catalysts employed are non-corrosive solids (e.g., MgAlO). The cyclic alkane lubricants derived from this method possess excellent pour points, viscosity indices, and oxidation stabilities which are comparable to those of conventional synthetic lubricants. A systematic structure-property relationship study indicated that the viscosity index of these materials increases steadily with length of alkyl side chain. Conversely, the volatility of these compounds exhibits an inverse dependence on alkyl chain length. Such relationships are valuable for directing future research aimed at developing renewable lubricants.
Experimental
General procedure for MgAlO-catalyzed self-condensation of ketones: a solution of 1 (20 g) in toluene (200 mL) was added with MgAlO (20 g) in a 500 mL round bottom flask equipped with a magnetic spin bar. The flask was then attached to the Dean-Stark apparatus and refluxed with stirring (800 rpm) in a pre-heated oil bath at conditions A given in Table 1 . A collection of by-product water was observed in the side-arm of the apparatus during the course of the reaction. The product mixture was then cooled to room temperature and filtered through a fritted funnel by washing the catalyst using ethyl acetate (3 × 100 mL). The products (2) in the filtrate were recovered after evaporation of the solvents and used for the next step without further purification.
General procedure for hydrodeoxygenation of condensates: a solution of 2 (5 mmol) was added with respective hydrogenation catalysts (metal loadings are calculated with respect to 2) in a 25 mL Parr reactor vessel. Octane (5 mL) was added to reduce the viscosity and ensure good mixing in the Parr reactor during the reaction. The reactor was sealed, flushed with nitrogen gas (2×), hydrogen gas (3×) and subsequently charged with the required pressure of hydrogen gas. The Parr reactor was stirred at 500 rpm and subjected to respective conditions mentioned in Table 1 , conditions B. The reaction mixture was cooled to room temperature and filtered through a fritted funnel using hexanes as a washing solvent (3 × 20 mL) to remove the catalyst. The filtrate was concentrated under reduced pressure to recover cyclic alkanes 4. View Article Online
